Macrophages, the most differentiated cells of the mononuclear phagocyte system, become activated after contact with pathogens or pathogen-derived molecules and molecules of the immune system. Classical activation enhances macrophage microbicidal capacity leading to the production of nitric oxide (NO) ([@B22]). Macrophages with a high number of lipid bodies (LBs) (also known as lipid droplets) have been characterised as markers of cell activation and inflammation ([@B25]) and have been associated with infectious inflammatory diseases including parasitic infections ([@B11]).

LBs are lipidic-rich organelles that are highly regulated and are present in all types of eukaryotic cells. LBs have well-characterised functions in lipid storage and metabolism. Additionally, LBs may be involved in other cellular processes such as vesicular trafficking ([@B2]) and inflammatory functions ([@B28], [@B5]). Many studies relate the presence of this organelle with enhanced production of inflammatory mediators ([@B28], [@B12]) such as prostaglandin E~2~(PGE~2~) ([@B4]). In vivo and in vitro intracellular pathogen infections increase the number of LBs in macrophages through highly regulated mechanisms ([@B12], [@B11], [@B32]). The data gathered so far suggest that intracellular pathogens may take advantage of these LBs to support their own life cycle. However, little is known about the functions of this organelle and its influence on the microbicidal capacity of macrophages.

Lipids are important in the maintenance of many cellular structures and the survival of intracellular parasites. Protozoa are not able to synthesise cholesterol ([@B9]). Thus, the intracellular pathogen *Toxoplasma gondii* diverts a large variety of lipid precursors from the host cytoplasm and efficiently converts them into complex lipids ([@B27], [@B9]). Moreover, host cells have been demonstrated to be the major contributor of lipids to the intravacuolar network of the parasitophorous vacuole (PV) that harbours *T. gondii* ([@B7]). The dependence on exogenous sources of cholesterol for the proper parasite growth implies that *T. gondii*has established mechanisms for acquiring, transporting and sorting this lipid ([@B9]), which has a direct impact on its development inside the PV. This parasite has been observed to manage host organelles such as mitochondria and the endoplasmic reticulum around the PV to facilitate the incorporation of host elements that allow its survival and growth ([@B36]). Recently, *T. gondii* infection has been shown to induce LB biogenesis in skeletal muscle cells and this organelle is found in close contact to the PV membrane in the vacuolar matrix, which directly interacts with the parasite membrane, suggesting that LBs deliver their content to *T. gondii* ([@B16]). In addition to the recruitment of the endoplasmic reticulum and mitochondria ([@B35]), *T. gondii*-infected macrophages may cause host cell LBs to associate with the PV, supporting the development of the parasite.

Macrophages are heterogeneous cells and their differences depend mainly on their microenvironment ([@B17]). Thus, the heterogeneity of macrophages in vitro can be studied by varying the culture conditions. The use of mouse serum (MS) as a culture supplement instead of foetal bovine serum (FBS) results in cells with different properties in systems such as bone marrow colony formation ([@B13]), dendritic cells ([@B31]) and macrophages ([@B10]). The aim of this paper is to report the effect of culturing macrophages with MS and how their microbicidal capacity against *T. gondii*changes.

MATERIALS AND METHODS
=====================

*Animals and peritoneal macrophages* - Swiss and C3H/HeJ mice were obtained from North Fluminense State University (UENF) and Oswaldo Cruz Foundation animal facility, respectively. Peritoneal washes were performed on male mice (25-30 g) using Hank's solution and the resident macrophages were seeded on glass coverslips in 24-well plates triphenyl phosphate (TPP). After 1 h at 37ºC in a 5% CO~2~ atmosphere, cells were washed and cultured in Dulbecco's modified Eagle's medium (DMEM) (Sigma) with 2% FBS (Life Technologies) or 2% MS ([@B10], [@B26]).

*Ethics statement* - This study was conducted in strict accordance with the Brazilian law 11794/08. The animal studies protocol was reviewed and approved by the Committee on the Ethics of Animal Experiments of the UENF (protocol 87). Mice were euthanised with CO~2~ in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The authors declare that have no conflict of interests.

*MS* - MS was obtained as previously described ([@B26]). Briefly, mouse blood was harvested by cardiac puncture and allowed to clot in the syringe and the serum was collected, centrifuged, inactivated, aliquoted and frozen at -20ºC.

*Macrophage spreading* - After culture, macrophages were fixed using 4% formaldehyde (Sigma) in PBS for 10 min, washed, Giemsa (Sigma) stained, dehydrated and mounted using Entellan (Merck). For some analyses, macrophages were not stained. Morphological observations were performed using a 100× oil immersion objective under a Zeiss Axioplan microscope equipped with differential interference contrast microscopy, and the images captured using the AxioCam Mrc5, and the Axiovision program were processed using Photoshop. The surface area of macrophages in µm^2^ was calculated after integrating the measurements of images of 50 cells in the Analysis^®^ software.

*Evaluation of the acidic compartment and LBs and F4/80 labelling* - Live macrophages were incubated at 37ºC in a 5% CO~2~ atmosphere with acridine orange (Sigma) (acidic compartment marker) in DMEM, washed, further incubated in DMEM, mounted with DMEM and observed. Formaldehyde-fixed macrophages were washed, incubated with Nile red (Sigma), oil red (Sigma), BODIPY 493/503 (Molecular Probes) and OsO~4~ (Sigma) (lipid markers) ([@B23]), washed and mounted in ProLong Gold with 4'-6-diamidino-2-phenylindole (DAPI) (Molecular Probes). The acidic compartments and LBs of live macrophages were also double-labelled using acridine orange and BODIPY, respectively. Macrophages were incubated with 10 µg/mg of acridine orange for 30 min, washed, incubated with 1 M of BODIPY for 5 min, washed and mounted over DMEM. Fixed macrophages were also washed, incubated with PBS containing 3% bovine serum albumin (BSA), incubated with anti-F4/80 (A3-1, AbD Serotec) diluted 1:100 in PBS containing 3% BSA, washed, incubated with anti-rat-Alexa 488 (Molecular Probes) diluted 1:100, washed and mounted in ProLong Gold. Cells were observed under a Zeiss Axioplan fluorescence microscope equipped with a 100 HBO mercury lamp. Images were captured and processed as before. The number of LBs per 100 macrophages was counted in triplicates in independent experiments.

*Electron microscopy* - For scanning electron microscopy (SEM), cells cultured on coverslips were fixed in 4% fresh formaldehyde, 2.5% glutaraldehyde (Sigma) in 0.1 M cacodylate buffer (Sigma), pH 7.2 for 1 h. The cells were washed, post-fixed with 1% OsO~4~ in 0.1 M cacodylate buffer, dehydrated in ethanol, critical point dried in CO2, covered with a 20 nm gold film and observed using a Zeiss 962 Digital Scanning Electron Microscope.

For transmission electron microscopy (TEM), the cells were cultured in 25 cm^2^ culture flasks (TPP), washed, infected and fixed as above. The cells were washed in 0.1 M imidazole (Sigma) buffer, pH 7.5, post-fixed with 2% OsO~4~ in imidazole buffer and washed ([@B1]). Cells were dehydrated in graded acetone and embedded in epoxy resin (Sigma). Thin sections were stained with uranyl acetate (Sigma) and lead citrate (Sigma) and observed in a Zeiss EM900 Transmission Electron Microscope operated at 80 kV.

*LB association to the PV* - LB association was first monitored by fluorescence microscopy after Nile red staining to detect LBs and DAPI for parasite localisation. The cells were observed under a fluorescence microscope. For TEM, LBs were localised using the imidazole-buffered osmium tetroxide method as described above.

*Determination of NO production and PGE2 assay* - Mouse peritoneal macrophages were cultured for 1, 24 and 48 h in DMEM with 2% FBS or MS, washed and activated with 100 μg/mL lipopolysaccharide (Sigma) and 50 U/mL interferon-γ (Sigma) in DMEM supplemented with the same serum. After 24 h of culture, supernatants from all three time points were collected and nitrite was measured by the Griess reagent (Sigma) as described previously ([@B33]). The same supernatants were also assayed in duplicate by ELISA (Cayman Chemicals, USA) to measure PGE~2~ production as described by [@B12].

*Microbicidal action of macrophages against T. gondii* - Macrophage microbicidal capacity against *T. gondii* was assayed as previously described ([@B18]). *T. gondii* RH strain tachyzoites were obtained from the peritoneal cavities of infected mice ([@B33]). Macrophages were cultured for 24 h in 24-well plates without coverslips and infected with 5 x 10^5^ *T. gondii* per well for 1 h. Infected macrophages were washed, activated and cultured for five days. The adherent cells on the well bottom were scraped into 500 μL DMEM using a yellow tip, homogenised and a 10 μL sample from each well, in triplicate, was diluted 1:10 in 4% formaldehyde in PBS. Tachyzoites were counted using a Neubauer chamber to assess their growth. For the PGE~2~ inhibitor study, macrophages were pre-treated with the non-steroidal anti-inflammatory drug indomethacin (Sigma) (1 μg/mL) 24 h before the infection and daily for five days. After that, the number of tachyzoites per well was determined.

*Data analyses* - The experimental results were expressed as the mean ± standard deviation and comparisons were performed using Student's *t* test. A p-value \< 0.05 was considered statistically significant. Numbers of replicates are indicated in the Figure captions.

RESULTS
=======

*Culturing in MS induces the formation of LBs in peritoneal macrophages* - Macrophage cultures containing with FBS (MoFBS) or MS (MoMS) resulted in morphological differences and a greater number of vesicle-like organelles in MoMS ([Fig. 1A](#f01){ref-type="fig"}, [B](#f01){ref-type="fig"}). The fibroblast-like appearance of MoMS was also confirmed by SEM ([Fig. 1A](#f01){ref-type="fig"}, [D](#f01){ref-type="fig"}). Some regions of the plasma membrane of MoMS had fewer protrusions and were more homogenous and smoother and revealed round contours that suggest the presence of vesicle-like organelles beneath the membrane ([Fig. 1D](#f01){ref-type="fig"}). MoMS occupied significantly more area than MoFBS ([Fig. 1E](#f01){ref-type="fig"}). MoMS and MoFBS presented similar levels of F4/80 antigen on their surface (not shown).

Fig. 1: macrophages cultured with mouse serum (MS) have a different morphology appearance, higher number of vesicle-like organelles and greater area. Macrophages cultured with foetal bovine serum (FBS) (A, C) or MS (B, D). Differential interference contrast microscopy (A, B), Bar = 40 μm. Scanning electron microscopy (C, D), Bar = 20 μm. Many vesicles (black arrow) and vesicle contours (white arrow) in macrophages cultured with MS can be seen. Area of macrophages cultured with FBS (black bar) or MS (white bar) of three independent experiments (E). Asterisk means significantly different from values for macrophages cultured with FBS as calculated by the Student *t* test (p \> 0.05).

The first approach to determine the nature of the vesicle-like organelles present in MoMS was to determine if these structures were acidic compartments by acridine orange labelling. MoMS had similar acidic compartments to MoFBS and the vesicle-like organelles induced by MS culture were not acridine orange labelled ([Fig. 2](#f02){ref-type="fig"}). Next, the lipid-selective dyes oil red, BODIPY, Nile red and OsO~4~ were used to verify if these vesicle-like organelles were LBs. Lipid positive vesicles were observed in both macrophage types, but MoMS had more LBs than MoFBS ([Fig. 3A](#f03){ref-type="fig"}-[H](#f03){ref-type="fig"}). MoMS were double labelled with acridine orange and BODIPY and no colocalisation was observed in the vesicle-like organelles ([Fig. 3I](#f03){ref-type="fig"}), clearly indicating their lipid composition. The lipidic nature of the vesicles was confirmed at the ultrastructural level using the imidazole-buffered osmium tetroxide method ([Fig. 3J](#f03){ref-type="fig"}, [K](#f03){ref-type="fig"}).

Fig. 2: vesicle-like organelles of macrophages cultured with mouse serum (MS) are not acidic compartments. Differential interference contrast microscopy (A, B) and the corresponding fluorescent field after acridine orange staining (C, D) of macrophages cultured for 24 h with foetal bovine serum (A, C) or MS (B, D). Small vesicle-like organelle acridine orange positive can be observed (C, D). However, most of the visible vesicles seen by differential interference contrast microscopy (black arrows) in macrophages cultured with MS (B, D) are acridine orange negative (white arrows). Higher magnification of B and D in the insets. Bar = 40 μm. One representative experiment out of three.

Fig. 3: vesicle-like organelles of macrophages cultured with mouse serum (MS) have a lipidic nature. Bright field microscopy (A, B, G, H), fluorescence microscopy (C-F, I) and transmission electron microscopy after the imidazole-buffered osmium tetroxide method (J, K) of macrophages cultured for 24 h with foetal bovine serum (A, C, E, G, J) or MS (B, D, F, H, I). Oil red (A, B), BODIPY (C, D), Nile red (E, F), OsO4 (G, H) and acridine orange and BODIPY (I) labelling. Culture of macrophages with MS increases the presence of lipid bodies (arrows). Bar = 30 μm for A-H, 10 μm for I and 1 μm for J, K.

About half of the fresh peritoneal macrophage population contained LBs as determined by counting LBs after Nile red staining after 1 h of culture in Hank's solution without sera ([Fig. 4](#f04){ref-type="fig"}) with 1.1 ± 0.10 LBs per cell. After 24 h of culture with 2% MS, most of the macrophage population had LBs ([Fig. 4](#f04){ref-type="fig"}) and the average number of this organelle per macrophage was 12.0 ± 2.26. After 48 h of culture with MS, the percentage of positive macrophages reached almost 100% ([Fig. 4](#f04){ref-type="fig"}) and the average number of LBs per macrophage was 16.5 ± 5.88. In contrast, culture with 2% FBS for 24 h reduced the presence of LBs in the macrophage population ([Fig. 4](#f04){ref-type="fig"}) with an average number of LBs per macrophage of 0.4 ± 0.24 and no change in the percentage of macrophages with LBs was detected after 48 h of culture ([Fig. 4](#f04){ref-type="fig"}) with an average number of this organelle of 0.3 ± 0.22. Because lipopolysaccharide induces LB formation ([@B28]), macrophages from the *Tlr*4-deficient C3H/HeJ mice were cultured with MS. MS culture induced similar amounts of LBs in macrophages from C3H/HeJ and Swiss mice (data not shown). This result indicates that MS-induced LB formation was independent of lipopolysaccharide contamination.

Fig. 4: cultured with mouse serum (MS) increases the percentage of macrophages with lipid bodies (LBs). Percentage of macrophages with LBs after culture without (gray bar) and with MS (with bar) or foetal bovine serum (black bar).

*LBs are associated with the PV of T. gondii* - LBs were shown to be associated with tachyzoites in MoMS at 2 h post-infection ([Fig. 5A](#f05){ref-type="fig"}-[C](#f05){ref-type="fig"}). Tachyzoites were observed in cytoplasmic areas where LBs were located ([Fig. 5C](#f05){ref-type="fig"}). Nile red staining was observed inside the PV containing rosette 24 h post-infection ([Fig. 5D](#f05){ref-type="fig"}, [F](#f05){ref-type="fig"}). This association was confirmed at the ultrastructural level where LBs were observed in close proximity to the PV and even closely associated to the intracellular parasite in MoMS 6 h post-infection ([Fig. 6](#f06){ref-type="fig"}).

Fig. 5: *Toxoplasma gondii* associated with lipid bodies (LBs) of infected macrophages cultured with mouse serum. Fluorescent microscopy after Nile red (A, D) and DAPI (B, E) staining after 2 h (A-C) and 24 h (D-F) of infection. Merge images (C, F). Note how *T. gondii* (arrows in B) are located in cytoplasmic areas where LBs (arrows in C) are present right after infection (C). Nile red staining was observed inside the parasitophorous vacuoles after 24 h of infection (F). Bar = 40 μm. One representative experiment out of three.

Fig. 6: lipid bodies (LBs) associate to the parasitophorous vacuoles of macrophages infected with *Toxoplasma gondii*. LBs were evidenced by the imidazole-buffered osmium tetroxide method after culture of macrophages with mouse serum. Note how close LB is to the parasitophorous vacuole. Macrophages were infected for 6 h. Bar = 1 μm. One representative experiment out of two.

*Macrophages cultured in MS showed decreased microbicidal against T. gondii* - Next, the effect of culturing macrophages in different sera on the production of NO and PGE~2~ and their microbicidal capacity against *T. gondii* was determined. Because LBs were present in low numbers in approximately 50% of the recently obtained macrophages, these cells were cultured for 1, 24 and 48 h with both sera, classically activated and after 24 h, and NO and PGE~2~ production in the culture supernatants were measured. At all three time points, MoMS produced significantly less NO than MoFBS ([Fig. 7A](#f07){ref-type="fig"}). Furthermore, NO production decreased over time independently of the serum used ([Fig. 7A](#f07){ref-type="fig"}). In contrast, PGE~2~ production in MoMS increased significantly, reaching a production peak when macrophages were cultured for 24 h ([Fig. 7B](#f07){ref-type="fig"}).

Fig. 7: nitric oxide (NO) (μM) (A) and prostaglandin E2 (PGE2) (ng/mL) (B) production of activated macrophages cultured with foetal bovine serum (black bars) or mouse serum (MS) (white bars). After 1, 24 or 48 h of culture, macrophages were activated with interferon-γ and lipopolysaccharide and mediators evaluated in the supernatant after 24 h of culture. Asterisks mean significantly different from respective values for macrophages cultured with MS as calculated by the Student *t* test (p \> 0.05). One representative experiment out of three.

To assess the microbicidal capacity of MoMS and MoFBS and the role of PGE~2~ production, macrophages were cultured for 24 h, infected with *T. gondii*, activated, treated with indomethacin and further cultured for five days. Then, the microbicidal capacity of these cells was determined by enumerating mechanically released tachyzoites. MoMS were less microbicidal compared to MoFBS independent of the activation state ([Table](#t01){ref-type="table"}). As expected, activation resulted in less tachyzoite growth in both macrophages ([Table](#t01){ref-type="table"}). Addition of indomethacin did not alter the microbicidal capacity of inactivated macrophages cultured with both sera ([Table](#t01){ref-type="table"}). However, tachyzoite growth was lower in activated macrophages that were treated with indomethacin ([Table](#t01){ref-type="table"}).

TABLEMicrobicidal action against *Toxoplasma gondii* of activated and non-activated macrophages cultured with foetal bovine serum (FBS) or mouse serum (MS) with or without indomethacin*a* IndomethacinFBSMSNon-activated macrophage 71.7 ± 4.56^*b,c*^124.7 ± 10.49Activated macrophage 19.7 ± 5.65^*c*^44.3 ± 14.86^*d*^Non-activated macrophage+52.3 ± 15.36^*c*^116.3 ± 19.56Activated macrophage+14.3 ± 5.0317.3 ± 6.81[^1]

DISCUSSION
==========

LBs are lipid-rich, highly heterogeneous, dynamic and regulated organelles. Leukocytes at particular tissue sites receive different stimuli that result in the activation of heterogeneous intracellular signalling pathways that may generate LBs with specific compositions and, thus, distinct functions ([@B4]). Here, we described that culture of peritoneal mice macrophages in MS induced morphological changes and the LB formation. Association of LBs with the PV was observed and MoMS produced more PGE~2~ and less NO. Furthermore, MoMS were less microbicidal to *T. gondii* and the microbicidal capacity of both macrophages was equivalent upon PGE~2~ inhibition. These results indicate that culture in MS alters macrophage microbicidal capacity due to higher PGE~2~production and low NO production.

The first observation made after culture of macrophages with MS was the large number of vesicle-like organelles that appeared in these cells. It was clearly demonstrated that the nature of these vesicles were not acidic, but lipidic. This composition was determined using Nile red, oil red, BODIPY and OsO~4~ staining and double labelling with acridine orange and BODIPY. Ultrastructural analyses of macrophages also showed characteristic electron-dense organelles by the imidazole-buffered osmium tetroxide method, clearly indicating that these vesicles were LBs. Furthermore, macrophages exhibited morphological differences when cultured with different sera. Many treatments can change the morphology of macrophages ([@B19]). Thus, there must be a specific component of MS that may induce this morphological change. Further experiments concerning the identification of the agents from MS that induce LB formation and cause morphology differences in macrophages are being performed.

Interestingly, pronounced association of LBs with tachyzoites was also observed by light microscopy and ultrastructure analysis. The close proximity of LBs to the PV suggests that *T. gondii* growth may be facilitated by lipids accumulated from the host cell, which would help to explain the higher replication of *T. gondii* in MoMS. This hypothesis has also been recently suggested for *T. gondii*-infected skeletal muscle cells where LB biogenesis increased and this organelle comes in contact to the PV membrane and the parasite ([@B16]). Thus, the association of LBs with the PV may be a recurrent phenomenon in different host cell types. The non-fusogenic PV is known to quickly become physically associated with sites of host cell lipid biosynthesis, the endoplasmic reticulum and mitochondrial membranes ([@B35], [@B36]). Here, the observed association of the PV with LBs did not exclude its association with either mitochondria or endoplasmic reticulum. Uptake of host lipids by intracellular *T. gondii* has been reported (de Melo & de Souza 1996, [@B8], [@B29]). In inflamed tissues, leukocytes containing many LBs are observed ([@B28]). Thus, the direct association of LBs with the PV suggests that *T. gondii* may have an advantage because the presence of LBs is an extra energy source and may favour the intracellular survival and growth of this parasite.

The in vitro microbicidal capacity of LB-containing cells has not been tested systematically. Intracellular infection clearly induces the formation of LBs in leukocytes ([@B6]). In the cells described here, high numbers of LBs correlated with higher PGE~2~ production as demonstrated in other cellular models ([@B28], [@B12], [@B6]). Thus, the ability of LBs to increase the production of PGE~2~ that inhibits the T-helper 1 type response ([@B30], [@B3], [@B15]), including macrophage microbicidal capacity, is well established. Although LBs were not investigated in this system, cultivation of bone marrow mouse macrophages with MS has been demonstrated to increase PGE~2~ production ([@B34]). Here we show that the lower microbicidal capacity of MoMS may be related to PGE~2~ production that most likely down-regulated the NO production. When this eicosanoid was inhibited with indomethacin, MoMS became more microbicidal to *T. gondii*. Thus, a possible mechanism of the lower microbicidal action of MoMS may be that MS induces an intracellular signalling pathway that causes LB formation. The increased number of LBs was followed by an increase in the production of PGE~2~, which reduces NO production and in turn makes the macrophage less microbicidal. In addition, the high LB content of MoMS may increase the availability of lipids to *T. gondii,*which explains the increased parasite growth. The LB formation induced by pathogen infection has been proposed to be part of the parasite's evasion mechanism ([@B6], [@B24]). This hypothesis is sound and should be further investigated.

The use of MS to cultivate cells has proven to be an interesting model to better understand macrophage biology and its heterogeneity. MS has an unknown factor able to induce the expression of the sialoadhesin surface receptor in peritoneal mouse macrophages ([@B10]). Other factors that neutralise leukaemia inhibitory factors ([@B20]) or inhibit growth of some cell lines (CTLL and CTL) ([@B21]) have also been described in MS. Thus, many factors in MS may be involved in the final macrophage phenotype after culture with this serum, including the appearance of numerous LBs as described here. Further studies are being conducted to characterise the factor in MS that induces LB formation in macrophages. Moreover, culturing macrophages with MS may be a good in vitro model to better understand the function of LBs or other cells that have LBs, such as foam cells.

Culture of mice peritoneal macrophages with MS resulted in a large number of LBs. The MoMS produced less NO and more PGE~2~ when compared to MoFBS. In MoMS, LBs associated to were found in close proximity to the PV. These results suggest that MS triggers LB formation in mouse peritoneal macrophages, leading to PGE~2~ production. This signalling cascade decreases NO production and makes these cells less microbicidal against *T. gondii,* favouring its growth.
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[^1]: *a*: macrophages were infected with *T. gondii*, activated or not, and cultured for five days with or without indomethacin. Tachyzoites were counted in a Neubauer chamber; *b*: values are expressed as means and standard deviation in sextuplicate of a representative experiment out of three. Values represent the number of tachyzoites per well after multiplication by 10^5^; *c*: significantly different from the respective value for macrophages cultured with MS as calculated by the Student *t* test (p \> 0.05); *d*: significantly different from activated macrophages cultured with MS treated with indomethacin as calculated by the Student *t* test (p \> 0.05).
